The failure of an osseous fracture to heal, or the development of a nonunion, is common; however, current diagnostic measures lack the capability of early and reliable detection of such events. Analyses of radiographic imaging and clinical examination, in combination, remain the gold standard for diagnosis; however, these methods are not reliable for early detection. Delayed diagnosis of a nonunion is costly from both the patient and treatment standpoints. In response, repeated efforts have been made to identify bone metabolic markers as diagnostic or prognostic tools for monitoring bone healing. Thus far, the evidence regarding a correlation between the kinetics of most bone metabolic markers and nonunion is very limited. With the aim of classifying the role of biological pathways of bone metabolism and of understanding bone conditions in the development of osteoporosis, advances have been made in our knowledge of the molecular basis of bone remodeling, fracture healing, and its failure. Procollagen type I amino-terminal propeptide has been shown to be a reliable bone formation marker in osteoporosis therapy and its kinetics during fracture healing has been recently described. In this article, we suggest that procollagen type I amino-terminal propeptide presents a good opportunity for early detection of nonunion. We also review the role and potential of serum PINP, as well as other markers, as indications of fracture healing.
I. INTRODUCTION
In 2005, 13.9% of the 115.3 million emergency department visits in the United States were related to musculoskeletal disorders. 1 Long-bone fractures are common and are occurring with increasing frequency. [2] [3] [4] Repair and regeneration of bony injuries are complex processes requiring interaction of mesenchymal cells at different stages of differentiation and a coordinated cascade of growth factors and cytokines. The end result is the production of extracellular matrix, which is eventually converted into bone. The extracellular matrix consists of approximately 90% collagen type I and is first formed in the callus. Subsequently, intercellular and intracellular signaling regulates transcriptional and translational transformation of the callus from a transient cartilaginous matrix into calcified bone. 5 Clinically, fracture healing is defined as being delayed if the healing process has not been completed within 3 to 6 months. 6 The US Food and Drug Administration defines failure of fracture healing, or development of a nonunion, to occur after a minimum of 9 months from the date of fracture with no radiographic signs of progression toward healing for 3 consecutive months. 7 The development of a nonunion is a common complication following long-bone fracture. Its incidence ranges up to 46%, 6, [8] [9] [10] [11] [12] depending on injury location, bone loss, soft tissue injury, and associated vascular injuries. Other risk factors for nonunion include: fracture type, 13 surgical technique, 14 infection, 15 and patient-related factors such as age, 9 co-morbidities, [16] [17] [18] tobacco use, 19, 20 diet, and alcohol consumption. 17 To date, no clinical or scientific assessment can reliably predict successful fracture healing or nonunion. The diagnosis of a nonunion is typically made by attentive clinical examination. Patients with a nonunion complain of persistent pain of the involved bone during weight bearing and passive range of motion due to fracture site instability. 21 Radiographic imaging is an adjunct tool that typically shows persistent fracture site lucency. 6 Radiographic scoring has been helpful, but not perfect, in predicting fracture healing. 22 However, computerized tomography with reconstructed views still seems to be the most useful non-operator-dependent method for the evaluation of delayed or failed longbone union. 23 The current problem of nonunion is that the delayed diagnosis leads to months of pain, suffering, physical therapy, and inability to perform activities of daily living, and may often lead to a patient's unemployment. The prevention of a nonunion by an intervention is not possible after waiting for months to diagnose the mature nonunion. An early intervention by changing conservative management or initiating surgical intervention could prevent further complications, 24, 25 prolonged patient distress, and disability. 26 Early intervention with limited and less invasive methods of treatment could also lessen the morbidity and costs of current nonunion surgery. Furthermore, such an early intervention could shorten the patient's recovery time, resulting in a significant impact on health care system costs and society. 27, 28 This review discusses the molecular physiology and pathophysiology of bone healing; particular attention is paid to the role of collagen type I synthesis in callus formation and responses of bone turnover markers during healing. The ultimate goal is to review the potential of such markers for early diagnosis of a nonunion.
II. MOLECULAR BASIS OF COLLAGEN SYNTHESIS
Since the early description of collagen structure, 29 the understanding of collagen synthesis has continually improved and its molecular basis of function has been further characterized. 30, 31 This process is summarized in Fig. 1 .
Fibrillogenesis, or cartilage fibril formation, is an entropy-driven assembly process. 32 Evidence of the existence of N-terminal extensions of collagen is derived from the observation that procollagen, the intracellular precursor of extracellular collagen, has an approximately 20% higher molecular weight than extracellular collagen. 33, 34 The cleavage of procollagen by specific NH 2 -terminal and COOH-terminal proteases has been demonstrated in vitro 35, 36 and in vivo. 37, 38 Bovine tendon analyses suggest that intact type I procollagen N-proteinase is an enzyme with a molecular weight of 500 kDa that is involved in the processing of type I procollagen. 39 This 500-kDa complex contains polypeptide chains of 161 and 135 kDa that are catalytically active. The sensitivity of the N-proteinase to the conformation of procollagen has been related to some important biological functions of collagen. 40 The proteinase serves as a quality checkpoint for monomers that have a correct N-terminal conformation and thus can self-assemble into tightly packed fibrils. 40 In bone, collagen type I forms a three-dimensional framework, which is a triple helical molecule composed of two α1 polypeptide chains and one α2 chain. 41 The triple helical molecules are staggered and contain gaps between the NH 2 -terminus of one triple helical molecule and the COOH-terminus of the next. Hexagonal packing of the molecules has been proposed in which the holes are contiguously arranged in one direction. 42 A specific crosslink in the COOH-terminal region was found to link α1 chains to α2 chains, and has been found to be important for the ordered formation of three-dimensional collagen type I structures. 41, 43 Pyridinoline and deoxypyridinoline are covalent pyridinium cross-links formed by the lysyl oxidase-mediated system during collagen maturation. 44 These crosslinks are characterized by enzymatic proteolytic resistance and are released into the circulation during collagen degradation. 45 Osteoglycin, a small leucine-rich proteoglycan, regulates collagen type I fibrillogenesis, which is accelerated by BMP-1. 46 Helseth and Veis provided evidence that both NH 2 -terminal and COOH-terminal telopeptides are important during aggregation to form collagen fibrils. 32 Although the NH 2 -terminal telopeptide is more important in the initial nucleation or fibril growth priming, the COOH-terminal telopeptide has been thought to regulate the growth reaction. Functionally, it has been proposed that the N-propeptides of collagen type I form stable helical structures, control collagen fibrillogenesis, 47 and regulate feedback control mechanisms of collagen biosynthesis. 48 Evidence suggests that NH 2 -peptides are responsible for the intracellular assembly of the three procollagen chains. 35 Furthermore, procollagen type I amino-terminal propeptide (PINP) has been attributed a role as a temporary blocking agent of the mineralization within the "gap regions" of the collagen fibril, which is initiated by removal of the N-propeptide. It is also thought to be a bioactive bone matrix marker for boneresorbing cells. 49 Mutations near the NH 2 -terminal end of the 1 chain of collagen type I are known to cause genetic disorders, such as osteogenesis imperfecta and Ehlers-Danlos syndrome, by interfering with the processing of the NH 2 -terminus of procollagen type I. 50 Bone fragility and growth deficiency characterize these connective tissue disorders. 51, 52 
III. COLLAGEN ACTIVITY IN FRACTURE HEALING
The healing of fractured bone is a complex and unique regenerative process that reestablishes former function and form. Messenger RNA analysis in rat femoral fracture models found age-independent up-regulation of approximately 1200 genes and downregulation of 900 genes involved in fracture repair. 53 These processes are persistent biomolecular events reminiscent of embryonic skeletal development. 54 However, unlike the embryological phases of bone development (including phasic cycling of bone formation), fracture repair follows a one-way path of similarly regulated chondrogenic and osteoblastic phases of bone formation. Similar to liver tissue, bone has the potential of "restitutio ad integrum," in contrast to most other tissues, which tend to heal with scar formation. Scars lack the characteristics of the former structure not only in form (cellular and intercellular structure), but also in function, biomechanics, and cellular and intercellular physiological processing. Bone is a composite and the organic content of the extracellular matrix of human bone consists of approximately 90% of collagen type I, 55, 56 which makes it the most abundant protein in humans. It maintains the integrity of tissues by mediating interactions with cell surfaces and other extracellular matrix molecules and by facilitating signaling by growth and differentiation factors. 57 Although collagen type I is predominant in bone, collagen type II is found in cartilage and collagen type III in soft tissue. 58 The spatial and temporal sequences of collagen synthesis during fracture repair are not well understood.
During fracture healing, both endochondral and intramembranous ossification can occur, often simultaneously. With intermediate strain, endochondral ossification results in externally formed bone, often in close relation to the periosteum. 59 Intramembranous bone formation occurs on the inner layer of the periosteum at the proximal and distal fracture edges, forming the hard fracture callus. 60 On the histological level, fracture healing 61 and endochondral ossification 62, 63 have been well described. As shown in Fig. 2 , fracture healing is characterized by three phases: inflammation (days 1-3), reparation (chondrogenic, days 5-10), and remodeling (osteogenic, days [14] [15] [16] [17] [18] [19] [20] [21] . 61 In recent years, these phases have been further characterized on the transcriptional level. 64, 65 The fracture healing process is dominated by bone formation during the first two phases. 66 During the inflammation phase, the external callus is confined in a fibrous capsule consisting mainly of unorganized granulation tissue. 64 Page et al. demonstrated that in mechanically stable as well as in unstable fractures, mesenchymal cells secrete a collagenous matrix that consists predominantly of collagen type III. 59 Periosteal thickening and cell proliferation have been observed. 67 The inflammation phase is further characterized by the invasion of mesenchymal cells that differentiate into chondrocytes for cartilage formation and osteoblasts for bone formation. Initial cell debris and hematoma are replaced by fibrous tissues, which have been found to be collagen type III. 59 During this early stage of fracture healing, Page et al. showed that small amounts of collagen type I can be found in isolated areas within the callus adjacent to the cortical bone, which represents the first stages in the development of cancellous bone trabeculae. 59 Similarly, Lane et al. noted that the periosteum forms a primitive mesenchymal matrix (consisting of collagen type I and III) and during the early phase undergoes a transition from metaplastic to membranous bone formation. 63 The amount of collagen type I fibers increases until day 5 after fracture, but the predominant fiber type consists of collagen type III. 59 The reparation phase has been attributed to intramembranous bone formation originating from the periosteal region. 67 Vascular invasion and callus growth, with a peak at day 14, characterize the reparation phase. Histomorphological data indicate a presence of collagen type I, III, and V. 59 The remodeling phase has been characterized as endochondral trabecular bone formation associated with osteoblast and TRAP-positive cell settlement in the marrow cavity, unity of fragment ends, and regeneration of bone marrow space. 67 These events agree with experimental data from rabbit fracture models showing increasing amounts of trabecular bone with predominance of collagen type I, but with the persistent presence of collagen type III and V in the central regions of the trabeculae. 59 From their experimental work on endochondral ossification in rat tibial fractures, Lane et al. concluded that fracture healing with decreased mechanical strain or anoxia is characterized by a chondroid transformation of the matrix as a prerequisite to lamellar bone formation, whereas a mesenchymal-tolamellar bone transition proceeds in proximity to the periosteum with minor motion and preserved blood supply. 63 Sandberg et al. measured the cellular levels of specific mRNAs using in situ hybridization to facilitate advances in the determination of when and where a given type of collagen is being synthesized. 64 Within the first week of fracture repair, the callus can be identified, consisting of unorganized granulation tissue with early signs of cartilage matrix adjacent to cortical bone and appositional new woven bone growth. However, recent data demonstrate that osteogenesis is induced in the early phase following fracture, represented by a strong induction of type I collagen mRNA expression. 68 Cartilaginous callus continues to grow during the second week of fracture repair and begins to be replaced by woven bone. By 3 to 4 weeks postfracture, most of the cartilage matrix has been replaced by bone. In rat femoraldefect models, collagen type I mRNA has been detected in osteoblastic cells on the marrow side of the hematoma during the first days of the inflammation phase. 66 A dynamic pattern of collagen type I expression has been described during the phases of fracture healing. A marked increase in the level of collagen type I mRNA is measured during the first 7 days. The levels of pro-1(I) collagen mRNA peak at 1 week in osteoblasts lining the trabeculae of woven bone. The levels of proα-1(I) collagen mRNA decline by day 28. 64 Similar characterizations of fracture repair reveal a sequential predominance in spatial and temporal collagen type I expression and maximum expression of proα-1(III) at 5 days, of proα-1(II) at 10 days, of proα-1(I) at 14 to 28 days, and of proα-2(I) at 14 days. 65 Other authors observed low levels of proα1(I) collagen mRNA in normal bone. 69 Kon et al. demonstrated that the formation of intramembranous bone in the periosteum during the first 2 weeks of fracture healing is associated with increased levels of mRNAs for collagen type I and osteocalcin. 68 Finally, the expression of collagen type I mRNA, in conjunction with MMP-13 mRNA expression by immature osteoblastic cells during the reparation phase, has been recognized as marking the initiation of bone remodeling. 67 Collagen type I mRNA is most abundant in osteoblasts lining the osseous trabeculae, 66 but it has also been observed in fibrous callus and in chondrocytes along the margin of the expanding cartilage. 64 Within the extracellular matrix, the cell-to-collagen type I interaction is mediated by specific integrins, which are composed of four heterodimers (α1, α2, α10, or α11, including a collagen type I selective binding domain) and a common β1 subunit. Integrin α1β1 has been shown to inhibit collagen type I synthesis, whereas integrin α2β1 can induce collagen type I gene expression. [70] [71] [72] The expression of these integrins is regulated by TGF-β. 71 Endochondral ossification is dependent on matrix remodeling proteinases for the degradation of cartilage into bone. Matrix metalloproteinases (MMPs) are key enzymes in the physiological degradation of extracellular matrix of bone, cartilage, and other soft tissues. Most MMPs are secreted into the intercellular matrix; however, membrane-type MMPs can be membrane-bound 73 and are responsible for skeletal transformation resulting in long-bone maturation via regulation of cell proliferation, protein degradation, and cellular activity. 74 MMP-1 has been linked to the processing of collagen type I. 75 
IV. CAUSES AND CHARACTERISTICS OF FAILED FRACTURE HEALING RELATED TO COLLAGEN
To classify nonunions, we have traditionally used a schema based on the amount of callus or bone healing at the fracture site. The development of a nonunion is the end point represented by cessation of periosteal and endosteal new bone formation, including medullary sclerosis of the former fracture ends. According to Marsh, failed fracture healing is defined as a process of scar formation with zero or low endosteal and periosteal osteogenic activity, as shown radiographically in Fig. 3A to 3C . 76 Hypertrophic nonunions show prolific callus formation without fracture gap closure and are typically attributed to a defect in stabilization. 77 These have the vascular and biological ability to heal but have too much strain or instability, preventing healing. Oligotrophic nonunions show some callus formation. 77 Atrophic nonunions are characterized by an absence of callus formation and an elongated fracture gap. 77 Atrophic and oligotrophic nonunions have been traditionally thought to be deficient in the biological ability to heal. Segmüller et al. provided evidence from scintigraphic analysis of atrophic nonunions that biologically inactive nonunions are rare and that atrophic, low-callus-forming nonunions have good vascularization and biological activity. 78 These early observations have been supported by recent investigations. 79 Thus, a defect in healing can be considered as either primarily biologic (multifactorial), biomechanical (frequently implant-related or alignment-related), or mechanical (almost always implant-related).
Temporal and spatial collagen type I distribution has been immunohistochemically determined in an experimental rat nonunion model. 80 In the early phase, at 1 week, collagen type I was localized subperiosteally in close proximity to lamellar structured new bone. Thereafter, collagen type I was identified at newly formed lamellar periosteal bone, as well as at the endochondral ossification front. After 5 weeks, collagen type I was the most prevalent between the lamellar bone and fibrous callus sleeve. With initiation of the remodeling phase, collagen type I was quantitatively decreased, reflecting a diminished expression rate. However, collagen type I remained present in the fibrous callus until week 9, after which collagen type I could not be detected within the nonunion.
Brick et al. observed peak gene expression of collagen type I at 2 weeks in an infected segmental defect model, which was comparable to other regenerative processes of bone (i.e., de novo osteogenesis, fracture healing, bone remodeling). 81 Increased collagen type I expression under uninfected conditions (compared with recombinant human bone mineral protein 2 [rhBMP-2] treatment) was seen in the early phase, indicating bone matrix formation. On the other hand, rhBMP-2 did maintain collagen type I mRNA up-regulation despite infection for more than 4 weeks. Brick et al. hypothesized that an infected segmental defect BMP is able to accelerate remodeling, inter alia, by increased collagen type I synthesis.
The presence of an osteoblast phenotype expressing the gene for matrix GLA protein (osteocalcin) has been observed in nonunions, indicating an abnormal gene expression in human nonunions. 82 In this context, significant procollagen type I mRNA expression has been evidenced in osteoblasts on woven bone in human nonunions and normal fractures. 83 Interestingly, prolonged expression of collagen type III mRNA was recognized in woven bone near osteoblasts adjacent to the nonunion site. If the repair process was impaired by instability, other findings indicate a time-limited healing potency of a fracture. 80 The normal healing process stops and matrix mineralization of the callus is delayed, leading to production of fibroblasts, collagen type III, and fibronectin. Thus, production of collagens and other matrix components is initiated and leads to healing with scar tissue and nonunion.
The activity of growth and differentiation factors can be modulated by components of the extracellular matrix. In this context, collagen type I has been shown to bind to and potentiate the activity of BMP-2b, a member of the TGF-β superfamily. 84 In humans, MMPs have also shown different kinetics in delayed fracture healing compared with normal healing. 85 Within an 8-week period, a significant difference in the presence of systemically detectable MMPs has been described during long-bone fracture healing. 86 At 8 weeks, no further differences in the kinetics of immunochemically traceable MMPs in venous blood were apparent. Similarly, in pig femoral-defect-regeneration models, immunohistochemical differences of MMPs in bone defect regeneration supplemented by vancomycin-loaded allografts have been reported. 87 Waters et al. demonstrated that chronic corticosteroid administration impairs non-critical-sized ulnar fracture healing in rabbits, which might be related to corticosteroidal reduction of collagen type I and osteocalcin mRNA synthesis. 88 In this context, Iu et al. provided evidence from MC3T3-E1 cell culture studies that glucocorticoids inhibit TGF-β-induced collagen type I expression. 89 Other influencing factors have been projected from mechano-regulation modeling systems used to predict tissue differentiation and organization during fracture repair. Nagel et al. concluded that collagen organization within a fracture might be regulated by the local mechanical environment. 90 External callus was dominated by uniformly aligned fibers during stress-driven remodeling, which was hypothesized to contribute to fracture stabilization by supporting tensile stresses during bending. Most recently, nicotine has been found to influence collagen type I expression in osteoblast cell studies. 91 After an initial upregulation of type I collagen gene expression (approximately 140%) during the first 24 hours of incubation, a dramatic down-regulation of collagen type I mRNA gene expression by nicotine-in a dose-dependent manner, after 48 and 72 hours of incubation-was observed. This resulted in a decrease in cell proliferation and, ultimately, in cell death. Interestingly, no change in type I collagen expression was observed after short-term (less than 6 hours) exposure to nicotine.
V. SEROLOGICAL MARKERS OF BONE METABOLISM AND REGENERATION
Bone biopsy is the most accurate measure of bone disease and bone turnover dynamics because it makes possible a direct quantitative and functional determination of cells, an analysis of cortical and cancellous structural changes, and an evaluation of bone turnover dynamics. However, this procedure is invasive and expensive, and it can result in pain or infection at the biopsy site. Because serum bone markers are obtained in a less invasive fashion and are less expensive but still able to assess bone metabolism and diseases, commercially available biochemical serum bone markers may be more advantageous. Efforts to establish a serological indicator for fracture healing and bone metabolism date from the early 1980s, [92] [93] [94] although fracture-related alkaline phosphatase dynamics have been investigated since the early 1950s. 95, 96 The measurement of bone turnover markers (BTMs) in serum quantitatively assesses the rate of bone remodeling; therefore, this method could be a valid tool for monitoring changes of bone formation. The markers can represent bone formation, matrix breakdown, and enzymatic activity of bone cells. 97 Bone formation (but not bone resorption) markers have been correlated with physical activity. 98 Some authors have observed that bone formation markers are not suitable for detecting an increase of hard callus tissue, thus indicating increased fracture stability. 99 Bone remodeling and regeneration, the lifelong processes of renewal of collagen and mineral structures, are promoted by a well-balanced interaction of bone resorption and formation. Although there is some overlap in bone formation and bone resorption markers, we focus on bone formation markers in this review because they are the most germane to bone healing. While some bone resorption does occur early after fracture, healing cannot proceed to completion without new bone formation.
VI. BONE FORMATION MARKERS
Serological markers monitoring matrix degradation during bone formation are predominantly derived from osteoblasts. Current serum markers of bone formation activity include bone-specific alkaline phosphatase (ALP), procollagen type-I N-terminal propeptide (PINP), procollagen type-I C-terminal propeptide (PICP), and osteocalcin (OC).
A. Alkaline Phosphatase
One marker elevated in all mineralizing tissues is ALP, an ectoenzyme of osteoblasts capable of generating extracellular inorganic phosphate. ALP is found in the plasma membrane of osteoblasts. 100 High ALP levels and an increased rate of matrix vesicle production are found in cartilage prior to matrix calcification. 101, 102 An increased specificity of monoclonal antibodies for small differences in the molecular structures of antigens forms the basis of further differentiation and specification of ALP isoenzymes among tissues. ALP activity has been verified in kidney, intestine, and placenta tissues, but significant serum secretion has been linked to bone and liver tissues. 103 The bone-specific isoenzyme contributes a specific amount to total serum ALP, which can now be routinely measured. 104 ALP assays are characterized by minimal diurnal variation. 105 Expression of ALP mRNA is highest 10 to 14 days after fracture in fibrous tissue cells adjacent to newly formed bone, as well as in osteoblasts on the surface of newly formed trabecular bone, but not in the hematoma during the inflammation phase of fracture healing. 66 Conditions such as osteomalacia and vitamin D deficiency result in increased levels of ALP despite decreased bone formation. 106 Evidence has been provided for the stimulating effect of vitamin D 3 and its metabolites (1,25-dihydroxycholecalciferol and 24,25-dihydroxycholecalciferol) on ALP expression in osteoblasts in vitro and in vivo. [107] [108] [109] Furthermore, a cross-reactivity of approximately 15% between liver and bone ALP can affect measurements in individuals with high liver ALP. 103 
B. PINP and PICP
Type I collagen is cross-linked at the N-terminal and C-terminal ends, providing the bone with its basic fabric and tensile biomechanical properties. 110 As shown in Fig. 4 , bone collagen is derived from type I procollagen, which has propeptide extensions at both ends of the molecule that are removed by specific proteinases before the molecules are assembled into collagen fibrils. 56, 111 When the propeptides are removed, a measurable concentration of them can be found in the blood. The serum concentration of PINP is directly proportional to the amount of new collagen produced by osteoblasts. 56 Intact PINP is a partially collagenous, phosphorylated protein with a mass of 35 kDa. 112 Unlike collagen type III, Nterminal cleavage in collagen type I formation is complete. 113 PINP is cleared from the circulation by scavenger receptor-mediated endocytosis in sinusoidal liver endothelial cells. 114 Han et al. showed in rats that BTMs can have similar trends, but that PINP had more significant changes in concentration than ALP or OC under conditions of altered bone formation rates. 111 PINP is primarily released during the bone formation process and is therefore more specific for this process than OC. 115 Gender-specific differences in serum concentrations have been shown for PINP, with ranges of 20 to 76 µg/L for men and 19 to 84 µg/L for women. 112 Furthermore, an age-dependent level of secretion has to be considered; for example, in persons with an immature skeleton, a 20-fold higher level of PINP has been reported. 111 PINP concentrations are determined by bone formation rather than by procollagen peptide degradation and clearance, 56 although evaluation of bone formation by PINP is limited by measurement of procollagen fragments, which are not solely released from bone. 116 In contrast to bone metabolism parameters, PINP has not been found to be associated with the level of physical activity. 98 PINP is now proposed for use as a BTM in metabolic bone diseases such as osteoporosis, [117] [118] [119] [120] [121] [122] [123] [124] and has been used to monitor bone turnover in osteoporosis therapy. 117, 123, [125] [126] [127] [128] [129] However, PINP has not been yet approved by the FDA as a BTM for treatment or monitoring of osteoporosis in the United States. As a marker of bone turnover during osteoporosis, PINP is well studied in the rat animal model. 111, 115, 130, 131 It is also used in the monitoring of Paget's disease [131] [132] [133] and as a bone metastasis marker. [134] [135] [136] [137] [138] Many studies have also been directed to the evaluation of C-terminal PICP. A good correlation of PICP with ALP and OC has been reported. 56 Linkhart et al. also showed that although a good correlation between PINP and PICP was present in children, a correlation could not be proven in adults. 56 In earlier studies Joerring and Jensen observed an initial decrease in PICP levels on day 4 after hip arthroplasty, followed by an increase until day 14. 139 These authors concluded that PICP-level kinetics reflected the healing process of the soft tissue and that bone would only contribute less in that experimental setup. However, Eriksen et al. provided evidence for the reliability and specificity of PICP as a marker of cancellous bone formation in metabolic bone disease by showing a correlation of serum concentration of PICP with dynamic bone histomorphometry. 140 
C. Osteocalcin
OC, or γ-carboxyglutamic acid-containing protein, is a 6-kDa protein secreted as a 10-kDa precursor from osteoblasts, osteocytes, and odontoblasts. 141 OC is the most abundant noncollagen protein of the extracellular bone matrix. Three vitamin K-dependent γ-carboxyglutamic acid residues determine its calcium affinity. 142 The majority of the processed OC peptide is incorporated into bone matrix, and the measured fraction in serum is related to the rate of bone formation. 143 Unlike PINP, OC is not strictly released during bone formation and therefore OC is less representative of bone formation. 115 For example, because OC is partly incorporated into bone matrix, the measured fraction in serum can also be derived from OC released from the bone matrix during resorption. 144 Also unlike PINP, OC has serum levels characterized by diurnal variation due to rapid renal glomerular filtration; thus, a large fraction can be measured in urine. 145 OC has a short half-life of approximately 20 minutes in serum, 146 is subject to circadian rhythms, 147 and undergoes degradation during systemic circulation and sample handling. 148 Furthermore, the levels of mobilization, vitamin D status, and renal disease can influence the serum concentration. 146, 149, 150 Despite these potential shortcomings, OC has been validated for in vitro 141, [150] [151] [152] and in vivo analysis of human bone metabolism and regeneration, 98, 109, 146, 147, 153 as well as for small 92, 130, [154] [155] [156] and large 99, 157 animal models.
VII. BONE FORMATION MARKERS AS SEROLOGICAL MARKERS IN DIFFERENT STAGES OF BONE HEALING
Controversy exists about the usefulness of bone formation markers to indicate the state of fracture healing. For example, OC serum levels after fracture have been proposed as useful measures to monitor fracture healing, whereas ALP was not found to be indicative. 93 Observations of OC and ALP have shown a positive correlation at injury and 6 weeks after fracture, but have shown no correlation at 12 weeks. 158 However, persistently increasing measures of OC and ALP were thought to reflect increases in osteoblastic activity during delayed tibial diaphyseal fracture healing. With uneventful and successful tibial fracture healing, Kurdy showed a continuous increase up to 20 weeks in bone-specific ALP, after an initial decrease during the first week after fracture. 159 Increasing bone-specific and total ALP measurement in sheep fracture models reflected an increase in bone formation from the fourth week posttrauma onward, but due to large inter-individual variation, its general suitability as a measure of healing has been questioned. 99 Lotz et al. characterized collagen type I metabolism in patients after uncomplicated bone surgery and observed different PICP concentrations depending on the type of intervention. 160 Callus-mediated bone healing led to higher PICP concentrations, which was interpreted as a reflection of strong collagen type I synthesis. PICP serum levels can correlate with age during normal fracture healing in humans. 161 In an earlier study, Joerring et al. showed that after long-bone fracture, PICP concentration increased at 1 week and reached its maximum at 2 weeks, followed by a decline thereafter. 162 The treatment type (cast immobilization vs. osteosynthesis with plates and screws) produced no kinetic difference in PICP. Interestingly, a higher relative increase in PIIINP versus PICP was found during the first 2 weeks of fracture healing, reflecting a more pronounced collagen type III synthesis, which is in accordance with immunohistological findings from animal fracture models. 59, 63 Contrarily, kinetics similar to that described for bone-specific ALP has been observed for PICP serum concentrations. 159 Kurdy et al. reported findings from normal healing tibial fractures that showed a significant drop in PICP levels between days 4 through 8, followed by an increase by days 14 to 20, 161 which was related to a temporary cessation of osteoblast activity in response to a fracture.
OC levels in animal fracture models displayed small temporal and inter-individual variation. 99 Obrant et al. reported continuously increasing levels of systemic OC after longbone fractures over a 2-month period, which was felt to reflect bone remodeling. 163 In recent years, PINP has been introduced into clinical practice as a new tool for the measurement of bone turnover. An analytic kit for serum measurement is now commercially available (Roche Elecsys; Hoffman-LaRoche Inc, Penzberg, Germany), but it is not currently used with humans in the United States outside of research studies. However, since 2007, PINP has been licensed in Europe for diagnostic purposes, as well as for research, clinical studies, or trials. 164 As an indicator of type I collagen production, PINP can be useful in the assessment of skeletal regeneration in healthy and abnormal bone. Researchers have described a change in collagen production during fracture healing. [165] [166] [167] [168] [169] In humans, PINP has shown different kinetics in long-bone fracture versus osteoporosis, 165 as shown in results from a bone turnover assessment in a prospective, longitudinal study of 85 elderly women with a traumarelated fracture (taken from a sample of 1044 elderly women in the Malmö OPRA study 165 ). Furthermore, these authors showed that most BTMs (OC and PINP) were significantly elevated during repair for several months after fracture and remained at elevated levels for up to 1 year. A significant increase was observed at 4 months relative to preinjury measurements or to patients without fractures. No significant increase of urine OC was noticeable. The most predominant fracture type was at the hip. The increases in PINP and OC levels were similar (51% vs. 67%, respectively). A delayed peak and prolonged period of elevation in OC was observed. A time-dependent association for serum PINP could not be shown in this diverse group. 165 However, PINP levels were characterized as an index of collagen synthesis and a marker of the early stages of bone formation. 165 In a prospective evaluation of biochemical bone marker response to distal forearm fracture, researchers noted a maximum increase of bone-specific ALP between 2 to 4 weeks; a slower, but significantly elevated, increase in OC compared with ALP; and a greater increase in PINP compared with other formation markers after fracture. 167 PINP was significantly elevated at 3 days and reached a maximal increase of 55% at 6 weeks, relative to a maximum increase of OC at 26 weeks. In a recent experimental study on the dosedependent effect of PTH in an osteoporotic femoral cortical defect model, a peak serum concentration of PINP at 21 days was observed. 169 Interestingly, collagen type I mRNA levels peaked at day 7 with a significant 54-fold increase, followed by a sharp reduction at day 21 to a still-significant 10-fold elevation, whereas OC peaked at day 7 with a 9-fold increase and remained elevated until day 21.
Veitch et al. analyzed BTMs in patients with tibial shaft fractures who received cast immobilization or intramedullary nailing. 170 All fractures healed. A persistent increase in PINP occurred throughout a 24-week period, with a peak in serum concentrations at 12 weeks. Chevrel et al. showed a significant difference in serum concentration of PINP between healthy men and women after fracture of various bones. 171 In another study of bone turnover after distal forearm fractures in postmenopausal women, 166 Ingle et al. showed that PINP concentrations peaked 6 weeks after trauma, with elevated serum levels persisting at 1 year. The authors concluded that PINP levels might be associated with callus formation. No comment was made on the correlation of PINP levels with fracture healing. Analyses of femoral metaphyseal defects revealed increased mRNA levels of markers of bone formation (proα1 [I] and OC) with maximum concentration for type I collagen at 7 days and OC at 21 days in a mouse cortical bone defect model. 155 Other related studies have linked changes in PINP levels to healing. In a study on collagen turnover of the Achilles tendon in young adult patients with concomitant ankle fracture, a significant increase in serum PINP concentrations with a peak at 6 weeks during immobilization was shown. 168 In addition, an increase in local PINP concentrations within the tendon was shown. After the immobilization period, PINP serum concentration returned to baseline, which differed from the findings of Ingle et al. 166 Other studies have shown that the degree of physical activity (immobilization, exercise, endurance running) is directly associated with an effect on BTMs. 98, 172 Crameri et al. showed that high-intensity eccentric exercise is associated with an increase in procollagen processing, including a significant increase in PINP in skeletal muscle. 173 Forthcoming preliminary data from our experimental study on 12-week-old male and female C57/BL6 mice, in which a closed mid-diaphyseal femoral fracture was induced after retrograde insertion of a 25 gauge intramedullary pin, revealed that serum PINP levels before fracture and at days 7 and 23 postfracture showed no significant differences compared with a control group without fracture. (Burgers TA, Coulibaly MO, Williams BO, Sietsema DL, Jones CB, and Mason J. PINP expression during femoral fracture healing in mice.
[submitted]). Significant differences in PINP expression between the groups were noted at days 11 and 17 postfracture (P < .05) and corresponded to radiographic callus formation. In the fracture group, on days 11 and 17, the PINP expression was significantly different (P < .05) from the prefracture PINP levels. The animals that underwent femoral fracture showed higher concentrations of PINP (P < .05). We concluded from these preliminary data that PINP has potential as a blood serum marker for proper healing when applied at the correct time interval. Higher concentrations of PINP in mice later after fracture reflected collagen type I synthesis and callus formation.
VIII. BONE FORMATION MARKERS AS SEROLOGICAL MARKERS OF NONUNION
An early study indicated that in patients with established nonunion (time from index injury ranged from 15 months to 8 years), measurement of serum ALP or OC revealed no different values relative to healthy controls. 174 However, correlations of delayed fracture healing with reduced serum OC concentration have been reported. 93 Observations have been made for OC and ALP that show a positive correlation at injury and 6 weeks after fracture, but no correlation at 12 weeks. 158 Using an infected femoral diaphyseal defect model, Southwood et al. demonstrated that serum OC concentration was not useful for predicting fracture infection status compared with serum bone-specific ALP. 175 Rabbits with infected fractures had significantly lower serum ALP concentrations at 4 weeks relative to those with noninfected fractures. However, no difference in serum ALP concentration was found between united and nonunited fracture defects. Serum ALP concentration was not found to be a useful tool to predict fracture healing, although a significant association was found between the radiographic external callus grade and serum ALP concentration.
In a prospective evaluation of patients having tibial fractures with delayed healing, Joerring et al. demonstrated an early increase in serum concentrations of PICP, ICTP, and PIIINP. The authors concluded that delayed fracture healing was caused by an early increase in turnover of collagen type I and III. 162 Kurdy et al. reported a persistent decline in PICP levels from 10 weeks onward in patients with nonhealing tibial fractures. 159 A progressive increase in ALP levels, although not as pronounced, was found in nonhealing fractures, with no difference relative to healing fractures.
Interestingly, PINP, although characterized as an index of collagen synthesis and marker of early stages of bone healing, 165 has not yet been evaluated as an indicator of failed fracture healing.
IX. SUMMARY
Currently, there is no reliable way to predict which patients will suffer from nonunion. The development of a method to do so would allow for early intervention to reduce the complications of nonunion and the associated morbidity. 24, 25 Furthermore, such early intervention could shorten the recovery time significantly, resulting in a significant impact on health care system costs and society. [26] [27] [28] However, the early intervention must be warranted by a reliable indication of nonunion to prevent unnecessary intervention and possible complications. Despite the many advances in treatment techniques, implant design, and appliances, diagnostic measures and clinical knowledge of fracture healing remain unpredictable in many cases. To obviate scar formation during fracture healing, bone reverts to the complex temporal and spatial developmental processes of embryological growth-a nearly unique characteristic. Thus, fracture healing is multifactorially influenced, and science thus far has not solved the problem of predicting disturbed fracture healing.
Fracture healing is dependent on a balanced transition of extracellular matrix components during the key processes of chondrogenesis and ossification, in which collagen type I plays a major role. The essential phases for bone formation are inflammation and reparation; thus, 2 weeks after fracture, healing is reflected by the dynamic pattern of expression of procollagen type I within the healing bone (callus). The biochemical characteristics of collagen type I synthesis in bone, with the cleavage of its terminal ends and release of those ends into the interstitial space, make this molecule accessible to serum analysis.
Advantages of serological analysis of human blood during fracture healing include ease of use, less invasion, and less temporal variation, which are not generally possible via histological examination of biopsies. Problems with serological analysis of collagen type I as a reflection of the histology of fracture healing include a lack of differentiation between local, regional, or systemic responses to the fracture. Collagen type I is found in other tissues such as liver, skin, and bowel, and it has been shown that the rate of turnover for other tissues is comparable to that of bone. 176 However, the amount of collagen type I in other tissues is low relative to that of bone; therefore, changes in the rate of bone collagen synthesis should correlate well with and reflect changes in the rate of bone formation during healing.
For these reasons, it remains important to critically evaluate the value of bone formation markers as indications of fracture healing. Bone-specific ALP, despite being the bone formation marker available for the longest period and having biochemically favorable characteristics (e.g., analytic kits with high specificity, minimal diurnal variation), has relatively small changes in serum level during fracture healing and has not been found indicative in some studies. Although OC is the most abundant noncollagen protein in bone matrix, its biochemical characteristics that reflect both bone regeneration and resorption make it an unreliable tool, which is seen in the current data. OC is also similar to ALP in that it results in relatively small changes in serum levels during healing. PICP is the collagen type I extension that has been investigated for the longest period and that has been related to bone remodeling and the status of bone healing. However, PICP level changes are also generally smaller than changes in PINP.
So far, PINP has been characterized as age-and gender-dependent, and shows minimal diurnal variation. Changes in serum concentrations in PINP have been found to be high during fracture. In this regard, PINP is superior in reflecting bone formation processes when compared with ALP, PICP, and OC. PINP can also be characterized as an index of collagen synthesis, a marker of the early stages of bone formation, and a marker of callus formation. Consequently, it is our opinion that PINP is the best candidate for use as a serological marker of bone healing. However, the temporal changes of PINP during disturbed fracture healing are unknown and require further elucidation. Type I collagen synthesis. Illustration of the posttranscriptional and posttranslational events during collagen type I fibrillogenesis. After the induction of collagen type I synthesis, hydroxylation and glycosylation characterize the early phase of procollagen type I synthesis within the endoplasmic reticulum (1). Two α1-polypeptide chains and one α2-chain are assembled and the triple-helical procollagen type I is formed (2) . Following exocytosis (3), the amino-terminal and carboxy-terminal propeptide extensions are extracellularly cleaved by specific zinc-dependent proteinases (4). During collagen maturation (5), pyridinium cross-links are formed and enable staggering of the triple-helical molecules following a hexagonal structural and amino-to-carboxy-terminal orientation pattern. The cleaved components (PINP and partially PICP) are released into the extracellular matrix and interstitial space (6) . Col-I-Fib, collagen type I fibril; CP, C-proteinase; ER, endoplasmic reticulum; NC, nucleus; NP, N-proteinase; PC-I: pro-collagen type I; PICP, procollagen I Cterminal propeptide; PINP, procollagen I N-terminal propeptide. Radiographic appearance of fracture healing. (A) Hypertrophic nonunion: anterior-posterior view of a distal diaphyseal fracture of the tibia 2 weeks after a low energy fall in a 55-yearold, brittle, insulin-dependent diabetic female treated with prolonged cast immobilization (A1). The lateral view reveals a hypertrophic nonunion with persistent lucency at the fracture site (arrow) (A2). Radiographic follow-up at 6 months demonstrates worsening varus deformity and excessive callus formation (dotted arrows) in the anterior-posterior view (A3). At 1 year, the radiograph demonstrates healed hypertrophic nonunion after intervention with an intramedullary nail, creating a stable environment to heal the fracture without disruption of the blood supply (A4). (B) Normal healing with nail stabilization: anterior-posterior view of a severe open multi-fragmented segmental diaphyseal fracture of the tibia and fibula after a motorcycle accident injury in a 45-year-old male nonsmoker (B1). Healed tibial fracture in the asymptomatic patient (arrows: bridging bone) at 2-year followup (B2). (C) In comparison with panel B, radiographic follow-up (anterior-posterior view) at 12 months after operative fixation with an intramedullary nail in a 45-year-old male smoker after a motorcycle crash, demonstrating absent callus formation or remodeling (straight arrows). Secondary to instability and avascularity, haloing at the proximal fragment in close proximity to the implant is noted (dotted arrows). PINP and PICP formation. Both the N-propeptide and the C-propeptide are extracellularly cleaved from the fibril by specific zinc-dependent proteinases. PICP, procollagen I Cterminal propeptide; PINP, procollagen I N-terminal propeptide.
